Skp1-Cul1-F-box (SCF) E3 ligases play key roles in multiple cellular processes through ubiquitination and subsequent degradation of substrate proteins. Although Skp1 and Cul1 are invariant components of all SCF complexes, the 69 different human F-box proteins are variable substrate binding modules that determine specificity. SCF E3 ligases are activated in many cancers and inhibitors could have therapeutic potential. Here, we used phage display to develop specific ubiquitin-based inhibitors against two F-box proteins, Fbw7 and Fbw11. Unexpectedly, the ubiquitin variants bind at the interface of Skp1 and F-box proteins and inhibit ligase activity by preventing Cul1 binding to the same surface. Using structure-based design and phage display, we modified the initial inhibitors to generate broad-spectrum inhibitors that targeted many SCF ligases, or conversely, a highly specific inhibitor that discriminated between even the close homologs Fbw11 and Fbw1. We propose that most F-box proteins can be targeted by this approach for basic research and for potential cancer therapies.
Cul1 affinity | SCF inhibitors | Fbxw7 | Fbxw11 | β-Trcp T he ubiquitin proteasome system (UPS) plays a central role in protein homeostasis through ubiquitination and degradation of substrate proteins. General inhibitors of the proteasome have proven effective in cancer therapy (1) , and thus there is great interest in developing specific inhibitors of UPS enzymes to explore their biological functions and to provide paths to more specific therapeutics. The central player in the UPS is ubiquitin (Ub), a highly conserved 76-residue protein. Ub is covalently attached to protein substrates through sequential action of ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitinligating (E3) enzymes. E3 ligases bind protein substrates and thus dictate specificity of ubiquitination.
E3 ligases constitute the largest class of UPS enzymes, with more than 600 members encoded by the human genome, and are divided into two major classes: a small, well-characterized class of ∼30 homologous to the E6AP carboxyl terminus (HECT) E3 ligases and a much larger, but less-characterized class of hundreds of RING E3 ligases and structurally related variants (2) . HECT E3 ligases form transient thioester linkages with Ub before transferring it to substrates, whereas RING ligases serve as adaptors to recruit Ub-charged E2 enzymes to substrates for Ub transfer. The archetype for the RING class are the multisubunit Skp1-Cul1-F-box (SCF) complexes, which contains 69 members in humans (3) . The SCF enzyme complexes are composed of constant Rbx1, Cul1, and Skp1 subunits, and a variable F-box protein that binds substrates and dictates specificity (Fig. 1B) . Rbx1, the RING protein that recruits the E2 enzyme, binds the scaffold protein Cul1, which in turn binds Skp1, an adaptor for F-box proteins. F-box proteins are variable in domain composition but share a common F-box domain that binds Skp1. F-box proteins are subdivided into three subfamilies based on the structure of their substrate binding domains, including WD40, LRR, and other domains, referred to as the Fbw, Fbl, and Fbo subfamilies, respectively (3).
Numerous F-box proteins are involved in processes relevant to tumorigenesis, including cell proliferation, cell cycle progression, and apoptosis, suggesting that these proteins may be targets for cancer treatment (4). Fbl1 (Skp2) eliminates the CDK inhibitor p27 and is a well-validated target for cancer treatment; several small-molecule inhibitors of Skp2 show activity in preclinical models (reviewed in ref. 5 ). However, given poorly defined roles for many F-box proteins and the functional complexity observed for those with characterized roles, further studies are required to gauge the therapeutic potential of this E3 family (4) .
We have previously demonstrated that many UPS components can be targeted by Ub variants (Ubvs), which function by strengthening weak interactions between Ub and natural binding sites in UPS enzymes (6) . Like small molecules, Ubvs can be used to assess the effects of enzyme inhibition and provide information applicable to the design of the mechanism based therapeutic inhibitors. Previously, Ubvs were developed against monomeric
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components of the UPS system, including E2 enzymes, E3 HECT enzymes, and deubiquitinases, which all contain well-defined Ub-binding sites (6) . However, targeting F-box proteins poses a potentially greater challenge because these substrate receptors function as part of multimeric SCF complexes, show considerable diversity in the nature of their substrate binding domains (3) and, with the exception of several WD40 family members (7), are not known to interact directly with Ub.
Here, we describe the development and characterization of Ubv inhibitors targeting two well-characterized members of the Fbw subfamily, Fbw7 and Fbw11 (β-Trcp2). Fbw7 targets several critical oncoproteins, including Cyclin E, c-Myc, Notch 1, and Mcl1 (reviewed in ref. 8) . Although Fbw7 is a tumor suppressor, its inhibition could be therapeutically beneficial under certain circumstances (9, 10) . Fbw11 degrades targets in a multitude of pathways, including β-Catenin, Cdc25, Wee1, and IκB, and it is a potential therapeutic target in several cancers (reviewed in refs. 5 and 11). Fbw1 (β-Trcp1) shares 81% sequence identity with Fbw11 and the two proteins have overlapping functions (11) . We used a phagedisplayed Ubv library (6) to obtain inhibitors of Fbw7 expressed in complex with Skp1, and we solved the structure of one Ubv in complex with Skp1-Fbw7 to determine the binding mode and mechanism of inhibition. We used the structure to guide the design of second-generation libraries to obtain high specificity inhibitors of Fbw11. Finally, we demonstrated that the Ubvs function inside cells as inhibitors of their cognate enzymes. The strategy described in this study for Fbw7 and Fbw11 could be used to systematically develop Ubv inhibitors against the entire F-box family, with potential broad applications in basic research and drug development.
Results
Selection of Ubv Binders for the Skp1tr-Fbw7 Complex. To investigate the potential of using Ubvs to target F-box family members, we used a naïve phage-displayed Ubv library (6) (Figs. 1A and Fig.  S1 ) to perform binding selections against Fbw7 in complex with Skp1. To facilitate structural characterization, we used Fbw7 and Skp1 constructs that were previously used for structural studies but still contained all necessary functional elements required for E3 ligase activity. This included Fbw7 composed of F-box and WD40 domains (F-box-WD40 Fbw7 ) (12) and Skp1 with truncations in two loops (Skp1tr) (13) ( Table S1 ).
The selections yielded four unique binding Ubvs that shared common mutations at several positions (Fig. 1A) , suggesting that they all likely bind to a common site on the Skp1tr-Fbw7 complex. To determine the region targeted by the selected Ubvs, we performed phage ELISAs against Skp1tr complexed with F-box-
. Surprisingly, the Ubvs did not target the WD40 domain, which is known to interact with Ub (7) and smallmolecule inhibitors (14) , but rather specifically targeted F-box Fbw7 in complex with Skp1tr (Fig. 1C) . Relative affinities of Ubv.Fw7.1 and Ubv.Fw7.2 were measured for purified proteins with ELISAs that determined half-maximum effective concentration of Ubv binding to immobilized Skp1tr-F-box Fbw7 (EC 50 ) and half-maximum inhibitory concentration of Skp1tr-F-box Fbw7 in solution that inhibited binding of Ubv to immobilized Skp1tr-F-box Fbw7 (IC 50 ). Because the IC 50 value reflects the interaction between the two proteins in solution, it provides a good estimate of the affinity (15) . Ubv.Fw7.1 exhibited the highest binding activity in both assay formats (IC 50 = 70 nM and EC 50 = 0.9 nM) and was chosen for further characterization ( Fig. 1 D and E) .
Structure of Ubv.Fw7.1 in Complex with Skp1tr-F-box Fbw7 . We crystallized Ubv.Fw7.1 in complex with Skp1tr-F-box Fbw7 and solved the structure at 2.5 Å resolution by molecular replacement ( Fig.  2 A and B; see Table S2 for X-ray data collection and refinement statistics). Ubv.Fw7.1 makes extensive contacts with Skp1tr but also makes significant contacts with F-box Fbw7 (719 or 144 Å 2 of Ubv accessible surface area buried, respectively). The structure of Skp1tr-F-box Fbw7 in the ternary complex aligns closely with the previously determined structure of the Skp1tr-(F-box-WD40) Although Ubv.Fw7.1 contains 15 substitutions relative to WT Ub -and two additional C-terminal residues, back mutation analysis revealed that only six substitutions (L8G, G10R, K11T, R42I, H68R, and L73F) are responsible for most of the enhancement in binding to Skp1tr-Fbw7. A variant containing these six substitutions (Ubv.Fw7.1 Min ) bound to Skp1tr-F-box Fbw7 only ∼20-fold weaker than Ubv.Fw7.1, but further back mutation of any of the six substitutions greatly reduced or completely abrogated binding (Fig. 2C) . Three of the six substitutions (L8G, G10R, and K11T) are located in region 1, a loop that contacts the Skp1-Fbw7 interface. The Arg-10 side-chain of the Ubv forms cation-pi interaction with the side-chain of Tyr-291
Fbw7 and its aliphatic portion packs against the side-chains of Fbw7 and Leu-116
Skp1 .
Gly-8 and Thr-11 pack against Asn-108
Skp1 and the side-chain NH 2 of Asn-108
Skp1 forms a hydrogen bond with the side-chain OH of Thr-11 (Fig. 2B) . The other three substitutions (R42I, H68R, and L73F) contact Skp1 only. The Ile-42 side-chain engages in hydrophobic interactions with the side-chain of Skp1 and the Phe-73 side-chain packs against Pro-46 Skp1 and Pro-48
Skp1 . The Arg-68 side-chain forms cation-pi interaction with the side-chain of Tyr-109 Skp1 and polar contacts with the side-chains of Thr-26 Skp1 and Asp-111 Skp1 (Fig. 2B) . Notably, the surface on Skp1tr-F-box Fbw7 for binding to Ubv.Fw7.1 largely overlaps with the previously elucidated surface on the analogous Skp1-F-box Fbl1 complex for binding to Cul1 (16) (Fig.  2 D and E) . To compare the energetics of Ubv.Fw7.1 and Cul1 binding to Skp1tr-F-box Fbw7 , we constructed a series of point mutants at positions within the common interface and measured the effects on binding to both ligands (Fig. 2F) ), which reside in the center of binding surface, either abolished or significantly disrupted binding to both Ubv.Fw7.1 and Cul1 and most of the other substitutions also had significant effects on binding to both ligands. These results show that Ubv.Fw7.1 and Cul1 share a common structural and functional binding site on the Skp1tr-F-box Fbw7 complex. To confirm that Ubv.Fw7.1 and Cul1 target overlapping sites on the Skp1-Fbw7 complex, we tested whether Ubv.Fw7.1 can inhibit Cul1 binding and SCF Fbw7 ligase activity. Cul1 has been reported to bind to Skp1-Fbw7 in vitro with picomolar affinity (17) . With surface plasmon resonance (SPR) analysis, we confirmed this tight interaction between Cul1 and Skp1-F-box Fbw7 (Fig. S2B ) but we found that the interaction with Skp1tr-F-box Fbw7 was ∼1,000-fold weaker (Fig. S2 A, C, and D) . Thus, we used in vitro assays with Skp1tr-Fbw7 to show that Ubv.Fw7.1 inhibits the polyubiquitination activity of SCF Fbw7 (Fig. S2E ) and Cul1 binding (Fig.  S2F) . We speculated that this mode of inhibition could be applied to other SCF ligases, prompting us to further characterize Ubv.Fw7.1 binding parameters with the ultimate goal of targeting other F-box proteins through the same mechanism.
Optimization of Ubvs for Binding to the Skp1-Fbw7 Complex. Ubv.Fw7.1 was selected for binding to a Skp1tr-Fbw7 complex that contained a truncated form of Skp1 optimized for structural analysis. However, our ultimate goal was to develop inhibitors of endogenous SCF ligases, and Ubv.Fw7.1 bound only weakly to the Skp1-F-box Fbw7 complex containing full-length Skp1 (Fig. 3A) , presumably because of unfavorable interactions with a negatively charged loop near the N terminus of Skp1 (Fig. S2 A, G, and H) . To engineer Ubvs with enhanced affinity for the Skp1-F-box Fbw7 complex, we designed a second-generation library (Library 2) based on the sequence of Ubv.Fw7.1. Three residues involved in favorable contacts were held constant (Gly-8, Arg-10, Thr-11), whereas the remaining residues in contact with the Skp1tr-F-box Fbw7 complex were "soft randomized" using a mutagenesis strategy that favored the parental sequence but allowed for an ∼50% mutation frequency (Fig. S1 ). Following selections for binding to the Skp1-F-box Fbw7 complex, 14 unique Ubvs were purified and ELISAs showed dramatically improved affinities in comparison with Ubv.Fw7.1 (Fig. 3A) .
Many of the improved variants shared an A12G substitution and a preference for Arg at positions 49 and 75, and some also shared an I42R substitution (Fig. 3A) . Although preference for Gly at position 12 is probably a result of optimization of Ubv interaction with the Skp1-Fbw7 interface, Arg substitutions at positions 42, 49, and 75 can be rationalized by the presence of a negatively charged loop in full-length Skp1, which should come in contact with residues at these positions and would thus favor the accumulation of positive charge in the Ubvs (Fig. S2H) . Ubv.Fw7.5, the tightest binder to Skp1-F-box Fbw7 , exhibited an IC 50 of 45 nM and we focused on this variant for further characterization.
Ubv.Fw7.1 and its relatives bind to the Skp1-Fbw7 complex mainly through contacts with Skp1, raising the possibility that these Ubvs may exhibit cross-reactivity with at least some of the many different human Skp1-F-box complexes. Thus, we tested the binding of Ubv.Fw7.5 to six Skp1-F-box domain complexes and, compared with Fbw7, we observed weaker but significant binding to three of these (Fbw2, Fbl1, and Fbw5). The affinities correlated with the degree of sequence similarity with the Fbw7 Ubv-binding region (Fig. 3B) . Fbw2, which shares the highest homology with Fbw7, exhibited an eightfold lower affinity, whereas Fbw5, which shows the least homology, exhibited more than 50-fold lower affinity. The three F-box domains that did not bind to Ubv.Fw7.5 (Fbw1, Fbw11, and Fbw12) showed the least homology with Fbw7.
Structure-Based Selection of Ubvs That Bind Specifically to the Skp1-F-box
Fbw11 Complex. Because contacts with F-box Fbw7 are mediated entirely by the region 1 loop of Ubv.Fw7.1, we wondered whether sequence and length diversity in this loop could be exploited to alter specificity in favor of particular Skp1-F-box complexes. To explore this possibility, we designed a phage-displayed library (Library 3) in which four residues in region 1 of Ubv.Fw7.5 were replaced by completely random sequences, ranging from 11 to 13 residues in length, to increase the size of the potential interaction interface with the F-box domain (Fig. S1) . Library 3 was selected for binding to the Skp1-F-box Fbw11 complex to determine whether this approach could be used to alter the F-box domain preference of Ubv.Fw7.5. Sequencing of 44 binding clones revealed that 42 were identical and contained a 12-residue insertion in region 1 (Fig. 3C) (89% sequence identity) and did not bind detectably to any of the other five Skp1-F-box complexes that we tested (Fig. 3B) . To further improve affinity, we designed a library (Library 4) in which region 1 of Ubv.Fw11.1 was soft-randomized, and binding selections yielded 16 unique Ubvs containing one to three substitutions (Fig. S3) . Four of these variants exhibited enhanced affinities for the Skp1-F-box Fbw11 complex (Fig. 3C ) and the best of these (Ubv.Fw11.2) retained high specificity (Fig. 3B) .
Intracellular Activity of Ubvs Targeting Fbw7 and Fbw11 Complexes.
We transiently expressed Ubv.Fw7.5 or Ubv.Fw11.2 in HEK293T cells to ascertain whether these Ubvs were able to exert effects in live cells. Because Fbw7 and Fbw11 protein complexes function as dimers (18, 19) , expression vectors were designed to express Ubvs either as monomers or as dimers held together by a homodimeric GCN4 leucine zipper to enhance effective affinities through avidity (Table S1 ) (20) . To examine the interactions of Ubvs with endogenous proteins, Ubvs were immunoprecipitated, and coprecipitated proteins were identified by mass spectrometry (Fig. 4A) . Consistent with the in vitro specificity profiles (Fig. 3B) , Ubv.Fw7.5 coimmunoprecipitated Fbw7 and Skp1, and also several other F-box proteins, including Fbw2 and Fbl1. Fbw7 was detected with the lowest spectral counts among the F-box proteins, but this is likely a result of low expression levels of endogenous Fbw7. In support of this finding, a significant amount of Fbw7, but not Fbl1, coimmunoprecipitated with Ubv.Fw7.5 in cells overexpressing Fbw7 or Fbl1 (Fig. S4A) . In contrast, Ubv.Fw11.2 was very specific for Fbw11, coimmunoprecipitating only Skp1, Fbw11, and small amounts of Fbw1. Similar levels of interacting proteins were detected, whether Ubvs were expressed as monomers or dimers, but Ubv dimers coimmunoprecipitated more nonspecific proteins involved in cell housekeeping functions (Table S3) .
To determine whether Ubvs are able to disrupt interactions between Cul1 and Skp1-F-box complexes in cells, exogenously expressed Fbw7 or Fbw11 was immunoprecipitated in the absence or presence of Ubv. Expression of Ubv.Fw7.5 monomer or dimer significantly reduced or completely abrogated the coimmunoprecipitation of Cul1 with Fbw7, respectively, but did not affect coimmunoprecipitation of Skp1 (Fig. 4B) . In the case of Ubv.Fw11.2, expression of the dimer, but not the monomer, caused significant reduction in the amount of Cul1 (but not Skp1) that coimmunoprecipitated with Fbw11, and this was consistent with the fact that the dimer but not the monomer coimmunoprecipitated with Fbw11 (Fig. 4C) . Thus, coimmunoprecipitation assays show that both Ubv.Fw7.5 and Ubv.Fw11.2 interfere with the interactions between Skp1-F-box complexes and Cul1 in cells but do not affect interactions between Skp1 and F-box proteins, although dimerization is required to observe this effect in the case of Ubv.Fw11.2.
To determine whether cellular expression of Ubv.Fw7.5 or Ubv.Fw11.2 led to inhibition of their corresponding ligases, we analyzed the stability of ligase substrates. Expression of Ubv.Fw7.5 in either monomeric or dimeric format increased protein levels and decreased degradation rate of the SCF Fbw7 substrates Cyclin E and c-Myc to levels comparable with those observed upon expression of an siRNA targeting Fbw7 but had no effect on substrates of other SCF ligases, demonstrating that the observed inhibition was specific (Fig. 4D and Fig. S4C ). In the case of Ubv.Fw11.2, assays were performed in the presence of an siRNA targeting Fbw1 to reduce levels of SCF Fbw1 (Fig. S4B) , which shares substrates with SCF
Fbw11
. Expression of the Ubv.Fw11.2 dimer and monomer . Only the sequence in region 1 that differs from Ubv.Fw7.5 is shown, and residues conserved as Ubv.Fw11.1 sequence are indicated by dashes.
increased the abundance and decreased the degradation rate of the SCF Fbw11 substrates Cdc25A and Wee1, which was similar to stabilization observed upon expression of an siRNA targeting Fbw11 (Fig. 4E) . Expression of the Ubv.Fw11.2 monomer had a smaller effect, consistent with the dimer being much more effective than the monomer in disruption of the interaction between Cul1 and the Skp1-Fbw11 complex (Fig. 4C) . The inhibitory effect of Ubv.Fw11.2 was specific to SCF Fbw11 , as it did not affect substrates of other SCF ligases (Fig. S4D) and it did not stabilize substrates of Fbw1/11 in the background of Fbw11 siRNA treatment (Fig. S4E) . Because Fbw7 and Fbw11 are involved in cell cycle progression (4), we also tested whether inhibition of these E3 ligases by Ubvs exerts any effect on cell cycle. Although we did not detect any large effects, the small changes that were observed (decrease in G 1 population for Ubv.Fw7.5 and increase in G 2 /M population for Ubv.Fw11.2) (Fig. S4 F and G) were similar to those obtained with siRNA treatment and consistent with the previously reported effects of Fbw7 (21) and Fbw11 inhibition (22) . Taken together, these data show that engineered Ubvs interact with endogenous Skp1-F-box complexes in cells and cause displacement of Cul1 and consequent inhibition of specific SCF E3 ligases.
Discussion
Designing specific inhibitors of the SCF E3 ligases has been challenging because of their multisubunit nature and the absence of distinct catalytic sites. Small-molecule inhibitors have been developed, which function by disrupting substrate binding directly or through allosteric mechanisms, or by disrupting the interaction between the F-box protein and Skp1 (reviewed in ref. 1). Our study suggests a novel method of specifically inhibiting SCF ligases by targeting the Cul1 binding surface on the Skp1-Fbox interface. The interaction between Skp1-F-box and Cul1 in vitro has been reported (17) and confirmed here (Fig. S2 A-D) to be extremely tight. However, despite these high affinities, our data show clearly that Ubvs are able to disrupt the interactions between Cul1 and Skp1-F-box complexes in cells (Fig. 4 B and  C) . It is possible that the inhibitory activity of Ubvs in cells may be enhanced by endogenous cellular factors, such as the Cand1 protein, which binds Cul1 and promotes its dissociation from Skp1-F-box complexes. (17) .
A major advantage of inhibiting SCF ligases by targeting the F-box domain is that the entire F-box family (Fig. S5 ) may be inhibited in a systematic manner without knowledge of F-box-substrate interactions, which are poorly characterized for most members of the family. Furthermore, Skp1-F-box domain complexes are easier to Table S3 for complete list of detected proteins). purify and are more amenable to structure determination than their full-length counterparts, and this should facilitate the search for inhibitors with our approach. We have shown that Ubvs selected for binding to Skp1-F-box domain complexes are biologically active as inhibitors of SCF function that act by disrupting binding of Cul1 (Fig. 4) . This opens avenues for the use of these Ubv inhibitors as tools to validate potential drug targets and to aid the development of small-molecule inhibitors.
It is intriguing to speculate that Ubvs described in this study target a natural Ub binding site [as observed for Ubvs targeting deubiquitinases (6)], which is relevant to a natural mechanism for regulation of SCF function. In particular, it is striking that only six mutations were sufficient to generate a high affinity binder to the Skp1tr-F-box Fbw7 complex (Fig. 2C) , suggesting that this surface may be predisposed for binding to Ub. To explore this possibility, we looked for binding of monomeric Ub to the Skp1-F-box Fbw7 complex using NMR spectroscopy, but we did not find any evidence of interaction (Fig. S6 ). However, it is possible that the Skp1-F-box interface is involved in a regulatory interaction with more complex Ub structures such as covalently attached Ub chains. For example, inhibition of Cul1 binding by growing Ub chains on the substrate might signal the termination of the ubiquitination reaction or Ub chains attached to the F-box protein itself might function to accelerate the exchange of F-box subunits in the SCF complex, in a manner analogous to the effects of Cand1 binding to Cul1 (17) . Further experiments aimed at studying the interaction of more complex Ub structures with the binding surface identified in this study might uncover new mechanisms regulating SCF function.
In summary, we have discovered a previously unidentified mechanism for inhibition of SCF ligases using engineered Ubvs that target the Skp1-F-box interface and inhibit Cul1 binding. We demonstrate that high specificity is attainable by this method, as exemplified by Fbw11 inhibitors that can discriminate against even the close homolog Fbw1. However, the ability to engineer inhibitors with broader specificities could also be useful, as it could be exploited to inhibit groups of SCF ligases containing similar F-box proteins. We anticipate that the Ubv inhibitors described here will be useful as tools for studying the function of SCF enzymes and for facilitating the discovery of small-molecule inhibitors of these enzymes through target validation, displacement screens, and structure-based design.
Materials and Methods
Protein Purification and Structure Determination. His-tagged proteins were expressed in Escherichia coli BL21 and purified by Ni-NTA chromatography using standard techniques. See Table S1 for detailed list of all expression constructs. Refer to SI Materials and Methods for further details. The structure of the Skp1tr-F-box Fbw7 -Ubv.Fw7.1 complex was deposited in the Protein Data Bank with PDB ID code 5IBK.
Phage-Displayed Ubv Library Construction, Binding Selections, and in Vitro Binding Assays. Previously described methods were used for the construction of phage-displayed Ubv libraries, for binding selections, for the isolation of individual binding Ubv-phage clones, and for phage and protein ELISAs to estimate affinities (6) . Refer to SI Materials and Methods for specific details describing library construction (Table S4) , phage selections, ELISAs, and SPR analysis.
Cell-Based Assays. Genes encoding for FLAG-tagged Ubvs were cloned into pcDNA3.1/nFLAG-Dest vector for monomer expression or into the same vector modified to encode a GCN4 leucine zipper dimerization sequence (RMKQLEDKIEELLSKIYHLENEIARLKKLIGER) inserted in place of vector nucleotides 944-976 for dimer expression. Cul1, Fbw11, Fbw1, and Fbw7 were expressed from pcDNA3.1 based-vectors (see Table S1 for additional details). See SI Materials and Methods for additional details on mass spectrometry analysis, flow cytometry analysis, coimmunoprecipitation, and functional assays.
